ABSTRACT
INTRODUCTION
Souring caused by the formation of hydrogen sulfide (H 2 S) often occurs in oil reservoirs during secondary oil recovery. Microbial sulfate reduction is usually the source of H 2 S in reservoirs.
1-2 Sulfate-reducing bacteria (SRB) often cause souring in the oil and gas industry. 3 SRB use sulfate as a terminal electron acceptor and various carbon sources such as volatile fatty acids or even hydrogen gas as electron donors. 4 Some SRB can even use saturated and unsaturated hydrocarbons that are readily available in oil pipelines as electron donors. 3, 5 As an example, the following reaction shows the overall anaerobic respiration reaction combining SRB oxidation of acetate with sulfate reduction: 4 Souring decreases the quality and value of oil and gas, and increases production costs considerably. 6 H 2 S is highly toxic and very corrosive against carbon steel in certain concentration ranges. [7] [8] It also causes stressed corrosion cracking even against stainless steels. 7 Because of the diminishing oil reserves and increasing oil prices, enhanced oil recovery is practiced more and more often. Flooding, also known as water injection (often using seawater or produced water), is the most common method to increase well pressures. SRB can be introduced into a reservoir during flooding or they already may be present in the reservoir since geological times. 9 Reservoir souring as a result of SRB occurs in most oil and gas fields when flooding with sulfate-containing water is practiced. 10 The sulfate concentration in the injection varies depending on the source of water. Seawater, which is used often for flooding in offshore operations, typically contains 30 mmol/L sulfate. 10 The Arabian seawater contains 10 mmol/L more sulfate than typical seawater. 11 Enhanced oil recovery injects large quantities of water. A large amount of H 2 S can be produced in a single reservoir. A maximum of 1,100 kg per day has been reported. 12 The highest H 2 S concentration was recorded as 40,000 ppmv in the Huntington Beach oil field in California. 3 Souring also occurs during hydrotesting using seawater when the system is contaminated by SRB.
SO
In addition to souring, SRB biofilms cause microbiologically influenced corrosion (MIC) because the sessile SRB cells on a steel surface can couple iron oxidation with sulfate reduction to harvest energy under anaerobic conditions. 13 Pitting corrosion by SRB has been blamed for pipeline failures.
14 MIC was a primary suspect in the Alaskan pipeline leak in the spring of 2006. 15 Nitrate injection into reservoirs often is used to promote utilization of organic carbon by nitratereducing bacteria to suppress sulfate reduction by SRB in soured reservoirs. 10, 16 Biocide treatment is another method to mitigate souring. 16 It is also used in pipelines to mitigate MIC. To avoid chemical corrosion by biocides, non-oxidizing biocides are preferred in field applications. Glutaraldehyde (C 5 H 8 O 2 ) and tetrakis hydroxymethyl phosphonium sulfate (THPS [C 8 H 24 O 12 P 2 S]) are the two most popular biocides because they are broad-spectrum and readily biodegradable. 17 Biocide treatment to control reservoir souring usually requires high dosages and rather frequent periodic applications. 3 During hydrotesting of pipelines, glutaraldehyde at an active concentration of 50 mg/L to 75 mg/L (or 50 ppm to 75 ppm) typically is required. 18 When a large amount of a biocide is used, its cost and environmental impact upon discharge are of serious concerns. The active biocide concentration may drop as a result of reactions with chemicals in the bulk fluid and with metal surfaces, as well as degradation. 17, [19] [20] When the active biocide concentration is lower than the effective concentration, it cannot inhibit microbial activity because a minimum biocide concentration must be maintained. A much higher, usually 10 times higher, biocide dosage is needed to treat sessile SRB in biofilms compared with that for planktonic SRB. 3 It is likely that no new and more effective green biocides for large-scale oil field applications will be on the market any time soon. Therefore, it is important to develop a new biocide cocktail treatment method for more effective use of biocides. It has been known that chelators can enhance antibiotics because of their ability to increase the permeability of the outer cell membrane of gram-negative bacteria. 21 24 Wen, et al., reported that 1,000 ppm EDTA or 2,000 ppm EDDS combined with 30 ppm glutaraldehyde effectively inhibited planktonic SRB growth in lab tests. 23 It is desirable to lower the EDDS dosage and increase the biocide cocktail efficacy against SRB.
Raad, et al., found that 25% (v/v) ethanol (C 2 H 6 O) accelerated the eradication of microorganisms in biofilms on catheters when it was combined with minocycline (C 23 H 27 N 3 O 7 ) and EDTA. 25 It is reasonable to speculate that a triple biocide cocktail consisting of a biocide, a chelator, and an alcohol may be more effective in the mitigation of reservoir souring and MIC caused by SRB. This work tested a triple biocide cocktail consisting of glutaraldehyde, EDDS, and methanol (CH 4 O) in the mitigation of souring as a result of SRB, in the prevention of SRB biofilm establishment and in the mitigation of MIC pitting, all in the presence of sand under anaerobic conditions. 
MATERIALS AND METHODS

Bacterium
Substratum for Biofilm Growth
Tests were carried out in 125 mL anaerobic vials. Two percent of sand (i.e., 2 g sand in 98 mL medium) with a nominal particle diameter of 2.5 mm was placed at the bottom of each vial. Sand was added to provide surface areas for sessile SRB growth, which are available in rock formations in a reservoir. In MIC tests, coupons were buried under roughly 4 mm of sand, simulating an underdeposit condition. Each vial † Trade name.
(1) American Type Culture Collection (ATCC), 10801 University Blvd., Manassas, VA 20110.
contained 98 mL culture medium. A glove box filled with N 2 provided an anaerobic environment for manipulation of vials. One hundred ppm cysteine was added as an oxygen scavenger to prevent accidental oxygen leaks. Disk-shaped C1018 (UNS G10180) (2) carbon steel coupons with a top disk surface area of 1.12 cm 2 were polished with 200, 400, and 600 grit abrasive papers sequentially. Only the top coupon surface was exposed to the culture medium. The rest were painted with inert polytetrafluorethylene. The coupons were rinsed in isopropanol (C 3 H 8 O) and then sterilized under ultraviolet (UV) light for 15 min before use.
Measurement of Sulfate-Reducing Bacteria Cell Concentration
Viable D. vulgaris cells were easily identified under a microscope because they were motile. The viable cells were counted using a hemocytometer at 400X magnification. For each cell count data point, the planktonic cell suspension from the same vial was sampled three times and the three readings were averaged. This direct cell counting method has a detection limit of 5 × 10 4 cells/mL. Below this cell concentration, a most probable number (MPN) enumeration method is needed. In this work, the Sani-Check † Product #100 SRB test kit from Biosan Laboratories (Warren, Michigan) was used. The time for the solid culture medium in the test vial to turn black (because of iron [II] sulfide [FeS] produced by SRB) corresponds to a certain SRB cell concentration based on vendor's calibration data.
Measurement of Sulfate Concentration
SRB require a small-scale reduction of sulfate for the synthesis of cellular materials such as some sulfur-containing amino acids. This is known as assimilatory sulfate reduction. 26 The large-scale reduction of sulfate to sulfide is termed dissimilatory sulfate reduction that is for energy production only. 27 By measuring residual sulfate concentration in the medium, the percentage of reduction in sulfide production as a result of biocide treatment were calculated indirectly by measuring the amount of sulfate consumed, assuming that the ratio of assimilatory sulfate reduction to dissimilatory reduction remained relatively constant for treated and untreated SRB cultures in this work. This method was more practical than measuring the total sulfide production. In a typical SRB culture, sulfide is present as H 2 S gas in the headspace, as dissolved H 2 S and FeS. Because of its limited solubility, some FeS in the culture medium precipitates as black particles, giving a SRB culture its characteristic black color. It would be very difficult to measure total sulfide production accurately by measuring sulfides in different forms.
Sulfate precipitation with barium is a common method used to measure sulfate concentration. 28 Typically, 1 mL medium sample was withdrawn from a 125 mL vial at a certain time. It was centrifuged and for each assay 0.1 mL sample was diluted with 0.9 mL distilled water, and then mixed with 60 mg barium chloride and 1 mL of testing reagent. Each liter of the testing reagent contained 150 g sodium chloride (NaCl), 100 mL glycerol (C 3 H 8 O 3 ), 60 mL concentrated hydrochloric acid (HCl), 200 mL 95% ethanol (C 2 H 6 O), and balance distilled water. A spectrophotometer was used to measure the optical density of the reaction mixture at 420 nm wavelength.
Triple Biocide Cocktail Treatment to Inhibit Planktonic Sulfate-Reducing Bacteria Growth and Souring
One mL of a 3 day old SRB seed culture was used to inoculate each 125 mL vial. The initial SRB cell concentration in each vial right after inoculation was around 10 6 cells/mL. After adding treatment chemicals, the vials were sealed and then incubated at 37°C. After each day, 1 mL culture medium was taken out of each vial using a syringe. Planktonic SRB concentrations were measured. Sulfate concentration was also assayed each day. No coupons were needed for this set of tests.
Triple Biocide Cocktail Treatment to Prevent Biofilm Establishment on Coupon Surfaces
The planktonic SRB inhibition test procedure was reused. This time, two disk coupons were added into each vial. Coupons were harvested after 7 days of incubation. The preparation of coupons for scanning electron microscopy (SEM, JEOL † model JSM-6390) observation of the biofilms on the coupon surfaces followed the procedure described elsewhere. 29 Because sessile cells were not evenly distributed on a coupon surface, especially for those coupons with weak biofilms, an SEM image was taken focusing on the spot with the most sessile cells. To view the pits on a coupon surface, the same coupon for biofilm observation under SEM was reused by removing the biofilm and Au coating using the Clark's solution (ASTM G1-90 solution for corrosion specimen preparation).
30-31 A SEM image was taken focusing on the spot with the largest pits. This spot was not necessarily the same as the spot with the most sessile cells. Figure 1 shows that 10% methanol (CH 4 O) alone, 1,000 ppm EDDS + 10% methanol, and 30 ppm glutaraldehyde + 10% methanol did not prevent planktonic SRB cell counts from taking off, while 25% methanol reduced the planktonic SRB cell count by (2) (a) (b) 0.4 log 10 at the end of the test. Figure 2 (a) shows that 30 ppm glutaraldehyde showed very little inhibition against planktonic SRB growth in the full ATCC † 1249 † medium. However, when 30 ppm glutaraldehyde was combined with 1,000 ppm EDDS, the inhibition effect was significant, because the planktonic SRB count after 7 days was about 2 log 10 lower than that without the treatment. The corresponding P value for statistical significance was found to be 0.0016, suggesting that the inhibition effect exhibited by the binary combination after 7 days was very significant. Furthermore, Figure 2(a) shows that the triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, and 10% methanol achieved kill effect compared with the initial cell count after 7 days. It indicated that 10% methanol enhanced the binary biocide combination consisting of 30 ppm glutaraldehyde and 1,000 ppm EDDS in the 7 day test (P < 0.0016). After 7 days, the planktonic SRB cell count was 1.3 log 10 lower than its initial value, but the SRB cell count stabilized. In the 1/4 strength culture medium, the kill effect of the triple combination was more rapid and the trend continued when the test ended as shown in Figure 2 (b). Figure 2 proves that 10% methanol enhanced the mitigation of planktonic SRB growth by 30 ppm glutaraldehyde combined with 1,000 ppm EDDS considerably. The data shown in Figures 1 and 2 were hemocytometer cell counts of motile SRB cells.
RESULTS
Inhibition of Planktonic Sulfate-Reducing Bacteria Growth
With the triple biocide cocktail, the planktonic SRB cell count continued to decline after 7 days. The SRB SRB test kit data in Table 1 indicate that 30 ppm glutaraldehyde and the binary combination of 30 ppm glutaraldehyde plus 1,000 ppm EDDS showed no inhibition effect against planktonic SRB cells after 10 days. Yet, the triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, and 10% methanol achieved 3 log 10 kill effect in the ATCC †
1249
† medium (P < 0.020) and 4 log 10 kill effect in the modified ATCC † 1249 † medium (P < 0.019) after 10 days.
Mitigation of Souring
Figure 3(a) shows that 30 ppm glutaraldehyde alone showed almost no effect in reducing sulfate consumption (P < 0.12). Wen, et al., showed that EDDS acting alone had almost no effect against D. vulgaris culture. 23 When 1,000 ppm EDDS was added to 30 ppm glutaraldehyde, sulfate consumption was reduced only slightly. However, with the triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, and 10% methanol, sulfate consumption was cut by nearly half when the test ended on day 7 (P value < 0.0022). Based on the stoichiometric molar ratio of 1:1 for sulfate consumption vs. sulfide production, this is equivalent to nearly 50% reduction in sulfide production. Table 2 shows the cumulative sulfide production data (based on sulfate reduction measurements) from the 7 day data corresponding to Figure 3 .
Tests in Figure 3 were conducted in the full SRB medium that was able to grow very robust SRB bio- films. In reality, the fluid is often less nutritious than full-strength laboratory culture media designed for optimal growth. Therefore, the triple biocide cocktail tests were repeated with the modified (1/4 strength) ATCC † 1249 † medium. Only final sulfate concentrations after 7 days were measured because the overall sulfate reduction was much less than that in the full medium. Table 3 shows that the triple biocide cocktail treatment achieved a 69% reduction in sulfide production without coupons (or 74% with coupons). It was much more effective than the dual combination without methanol because 30 ppm glutaraldehyde combined with 1,000 ppm achieved only 51% reduction without coupons (or 55% with coupons). Figure 4 showed SEM images of coupons from 7 day tests in ATCC † 1249 † medium with no treatment, with 30 ppm glutaraldehyde plus 1,000 ppm EDDS, and with the triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, and 10% methanol. Without treatment, numerous SRB cells were present (Figure 4[a] ). Figure 4(b) shows that there were still some sessile SRB cells present, while in Figure 4 (c), sessile SRB were absent, indicating successful prevention of SRB biofilm establishment on the coupon surface with the triple biocide cocktail treatment. Similar effects were observed for tests using the modified (1/4 strength) ATCC † 1249 † medium as shown in Figure 5 . Figure 6 shows a comparison of the effects of different biocide treatment methods in the mitigation of MIC pitting of coupon surfaces. Disk coupon surfaces were examined using SEM to locate the largest pits. Figure 6 correlates with Figure 5 very well. In Figure   6 (a), a relatively large, round-shaped pit with a surface diameter of roughly 14 μm is seen for the coupon without biocide treatment. With biocide treatment using 30 ppm glutaraldehyde and 1,000 ppm EDDS, the largest pit size (based on surface diameter) was about 5 μm as shown in Figure 6(b) . With the triple biocide cocktail treatment, no obvious characteristic MIC pits are seen in Figure 6 (c), which is consistent with the absence of sessile SRB cells in Figure 5 (c).
Prevention of Biofilm Establishment on a Coupon Surface
Biocide Mitigation of Microbiologically Influenced Corrosion Pitting
DISCUSSION
In this work, 10% methanol showed considerable enhancement of glutaraldehyde and EDDS combination treatment of SRB planktonic and sessile cells. All three components in the triple biocide cocktail were needed because glutaraldehyde alone, and glutaraldehyde combined with EDDS, proved to be inadequate.
EDDS enhancement of glutaraldehyde could be explained by its removal of divalent cations such as 
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Mg 2+ and Ca 2+ from lipopolysaccharide in cell membranes, resulting in increased permeability for glutaraldehyde through the outer cell membrane. 21, 23, 29 EDDS alone showed almost no effect against SRB. 23, 29 Piet and Rossmoore demonstrated that monocopper citrate (II) (MCC), also a chelator, was not able to inhibit microorganisms, but it had a synergistic effect with antimicrobial agents against Pseudomonas aeruginosa. 32 Chelators are already used as treatment chemicals in oilfield applications. To prevent the precipitation of solids including iron hydroxide and iron sulfide, chelators are frequently added to acidic stim- ulation fluids. In addition, chelating agents are often used as scale removers. Frenier, et al., report that 3% tetrasodium EDTA was applied in acidizing formulations. 33 Abdul-Latif, et al., used 20,000 ppm disodium EDTA to achieve a complete scale removal from tubes of heat exchangers in the cooling system of a refinery. 34 To remove the H 2 S from biogas, 0.4 M Fe/EDTA was applied. 35 EDDS, a readily biodegradable chelator, is a recommended replacement for EDTA in industrial applications because EDTA is accumulating in fresh water systems as a result of its relatively low biodegradation rate. 24 It is reasonable to believe that the use of 1,000 ppm EDDS is not a prohibitively high concentration for field applications.
Ethanol is a denaturant that has been used widely as a disinfectant because it can kill bacteria by denaturing proteins and dissolving the lipids in the cell membranes or cell walls of microorganisms. 36 Ethanol also can enhance the permeability of the cells. 37 Methanol likely has similar effects as ethanol. As a matter of fact, methanol, ethanol, and isopropanol showed almost identical effects in our lab tests (data not shown). In oilfield applications, methanol is more practical than ethanol because methanol is the most widely used and common hydrate inhibitor to inhibit gas hydrate in oil and gas industries.
38-39 A significant amount of methanol was used to prevent hydrate formation when temperature and pressure conditions in the field become more severe. The concen tration of methanol applied often exceeds 60 wt%. 40 Methanol already is used also as a winterizing agent for oil wells. 41 With the help of EDDS and methanol, glutaraldehyde achieved better inhibition and kill effects against planktonic and sessile SRB.
This work tested a triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, and 10% methanol. In actual applications, the dosages of the three components are expected to vary based on local nutritional and microbiological conditions. For heavily contaminated situations and for well-established biofilms, a higher glutaraldehyde dosage is expected. However, a large saving of glutaraldehyde is likely when using the triple combination instead of using glutaraldehyde alone.
The enhanced biocide efficacy results in this work should be viewed relative to the unenhanced biocide efficacy results rather than the desired complete kill of SRB in the field, because of the interference by organic carbons in the culture medium. Ten percent methanol may be too high for batch treatment in large-scale applications, but plug-flow treatment may be adopted if possible such as in pipelines. This method is not suitable if methanol is utilized by the local bacteria as a carbon source and the triple combination cocktail fails to kill or suppress their growth. When methanol is already being used as a hydrate inhibitor or antifreeze in the field, the enhancement of methanol will come without the extra cost for methanol.
In conclusion, the experimental data in this work indicated that the triple biocide cocktail consisting of 30 ppm glutaraldehyde, 1,000 ppm EDDS, plus 10% methanol was considerably more effective than glutar- aldehyde alone and the combination of glutaraldehyde and EDDS in the inhibition of planktonic SRB growth, souring, biofilm establishment and MIC pitting of carbon steel. In all these cases, the methanol enhancement of the biocide treatment was clearly observed. The data presented here were obtained from lab testing against a pure strain of D. vulgaris in anaerobic vials. Further laboratory testing using mixed-culture microbial consortia isolated from oil fields is desired before field trials.
